Amorphous materials have structural and functional applications, attracting much attention. [1] [2] [3] [4] [5] [6] [7] [8] Solid state amorphization from crystals is a pivotal method to prepare amorphous materials. However, it is difficult to realize amorphization from a brittle single crystal. For instance, dislocation-driven plasticity takes place under compression in a monocrystalline nanoparticle, rather than amorphization. 9 Amorphous transition occurs at the compressed site in nanowires (NWs), whereas crack happens on the tensed side. 10 At present, methods of solid state amorphization consist of mechanical scratching, 2 diamond anvil cell under hydrostatic pressure, 3 electron irradiation at low temperatures, 4 indentation, 5 impact of electrosprayed nanodroplets, 6 electron beam irradiation 7 and extension. 8 Mechanical scratching induces a small amorphous region, surrounded by damaged crystallites and cracks at a scratching speed of 10 mm/s. 2 This means that the partially amorphization takes place. Amorphization is formed in a diamond anvil cell of porous free-standing films with thickness varying from 30 to 50 µm. It is generated by methanol/ethanol or Ar as a pressure medium at a high pressure of 10.1 GPa. 3 Irradiated amorphization with a diameter of 400 nm happens under electron irradiation with a dose of 2 MeV for 15 min at 25 K. 4 Indented amorphization occurs in the central area of an indent with a size of 500 nm, which is encompassed by cracks. 5 This indicates the partial amorphization produced by indentation, which is in good agreement with that of mechanical scratching. Shock-induced amorphization takes place at the periphery of a crater with a diameter of 300 µm. It is bombarded by nanodroplets at 4620 m/s for 15 min at a high pressure of 15 GPa. 6 Partial amorphization occurs at the periphery and damaged crystallites forms in other area of the crater.
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Amorphization is demonstrated in a NW with a diameter of 37.8 nm, which is bombarded by electron beam in vacuum for 25 min at 3.24 A/cm 2 . 7 Axial extension induces amorphization in NWs carried out in high resolution transmission electron microscopy (HRTEM) at a strain rate of 10 -5 /s. 8 There are three methods for amorphization, i.e. shock, irradiation and deformation. Shock and irradiation are performed in vacuum for 15 or 25 min, and they are time-consuming. Moreover, the sizes of amorphization induced by shock and irradiation are 400 nm, 15-70 nm and periphery of 300 µm, 4, 6, 7 which are very small. For deformation, amorphization is verified in NWs by tensile tests in TEM and porous films under hydrostatic pressure. 3, 8 Partial amorphization takes place in a bulk solid via deformation, which is surrounded by damaged crystallites and cracks. 2, 5 In bulk deformation, the loading speed is very low up to 10 mm/s. 2 Deformation induced complete amorphization has not been demonstrated in a bulk solid. As a result, it remains a challenge for deformation induced complete amorphization in a bulk solid. Material removal on a brittle solid contains brittle and ductile modes. In brittle removal mode, cracks are found on the surface and/or subsurface, 2,5 and damaged layer is thick. This removal mode generates rough surface, which is not qualified for high performance devices and setups, producing waste products. For ductile removal mode, cracks are absent on both surface and subsurface, and damaged layer is extremely thin. Only in this mode, ultrasmooth and ultralow damage surface can be obtained and used for high performance devices and setups. For instance, ductile removal mode is testified by ultraprecision grinding at a speed of 33 m/s 11 and fly-cutting at speeds ranging from 15 to 18 m/s. 12 Nevertheless, an amorphous layer is at the topmost, followed by a damaged crystalline layer beneath, indicating the partial amorphization happened. Ductile removal mode is vital for solid state amorphization and applications of brittle materials in their high performance devices and setups. Fundamental mechanisms of brittle-to-ductile transition (BDT) 10, 13 are essential for the solid state amorphization and ductile removal on brittle materials.
Silicon (Si) is a representative brittle material, dominating the semiconductor and solar cells industries, and becoming the foundation of electronics industry. 14 It is widely used in optoelectronics, 15, 16 flexible electronics, [16] [17] [18] microelectronics, 19,20 nanodevices 21,22 and quantum computing. 23 The band gap of amorphous Si varies from 1.5 to 1.7 eV, which is higher than 1.1 eV of crystalline Si. 24 Furthermore, amorphous Si has a low sensitivity to high energy radiation, which is a unique property of amorphous semiconductors. 24 Consequently, Si is selected as the specimen of solid state amorphization and BDT. The critical diameter of BDT for Si pillars under uniaxial compression is between 310 to 400 nm. 13 The compression speed is 5 nm/s. However, the BDT is sensitive to the strain rate, 10 34 The fourth is executed by a 3D mobile platform at a scratching speed of 16.7 µm/s. 27 All the four methods are performed by commercial instruments at loading speeds varying from 0.33 to 100 µm/s, which is 4 to 7 orders magnitude lower than m/s used in machining and manufacturing. Moreover, it is extremely difficult to prepare TEM specimens at BDT, and there is no TEM characterization in the literatures for the four methods. 27, [29] [30] [31] [32] [33] [34] The scratched surfaces are characterized by scanning electron microscopy (SEM) and AFM. As a consequence, the CDC of BDT at loading speeds of m/s is unclear. It is a challenge to develop a novel approach to explore the CDC at BDT at loading speeds of m/s at nanoscale depth of cut. Even at nanoscale depth of cut, an amorphous layer is at the topmost, and a damaged crystalline layer beneath. It is performed at a cutting speed of 8.3 mm/s at depth of cut of 30, 50, 60 and 120 nm. 35 This is in good agreement with those induced by ultraprecision grinding and flycutting, 11, 12 indicating partial amorphization occurred in a bulk solid.
In this study, a novel approach of ultraprecision grinding is developed on a specially designed setup, which is performed by developed single diamond grains at a loading speed of 40 m/s at nanoscale depth of cut. With this method, a new route is proposed for deformation induced complete amorphization in a bulk solid. A new model is proposed to calculate the CDC at BDT, considering the effects of radius and shape of a cutting edge. Table I lists the matching terminologies between grinding and nanoscale scratching. Three diamond grains were fabricated from natural diamonds with sizes ranging from 1 to 1.5 mm, which were imported from South Africa. A diamond was brazed on a stainless steel rod by high-frequency welding. After brazing, the diamond was ground by resin bond diamond wheels with mesh sizes at a sequence of 600, 2000 and 3000 to form a conical tip. Then, the conical tip was further ground by a vitrified diamond wheel with a mesh size of 5000. Scratched track the diamond grain was finished by a cast iron plate. During finishing, the reaction between diamond and cast iron plate was activated by the polishing-heat. After finishing, the surface of diamond cutting edge was smooth. Three diamond cutting tools developed were designated as C30, C5 and C2.5 respectively, as listed in Table II . C30, C5 and C2.5 had conical shape, and their cutting edge radii were 30, 5 and 2.5 µm, respectively. A diamond cutting tool was fixed in a hole with a diameter of 320 mm of an aluminum (Al) alloy plate with a diameter of 336 mm. The Al alloy plate developed was mounted on an ultraprecision grinder (Okamoto VG401 MKII, Japan), forming a specially designed setup to perform grinding induced by a single diamond grain at nanoscale depth of cut, as illustrated in Fig. 1 
(a).
Commercially available Si (100) wafers (Grinm Advanced Materials Co., Ltd.) of 150 mm in diameter were used as specimens for grinding. The Si wafers had a flatness of about 100 nm after chemical mechanical polishing (CMP). Prior to grinding, a Si wafer was fixed on the ultraprecision grinder by a vacuum chuck. The diamond cutting tool was fed manually. A subtle ground track was generated when touching the Si wafer, and then the readout was taken. The diamond cutting tool was lifted for 30 µm. Grinding was set up automatically, and then it was started until to the readout. During grinding, wheel and table speeds and feed rate were 40 m/s, 140 rpm and 10 µm/min, respectively. Coolant was not supplied in grinding. When reaching the readout, the diamond cutting tool was uplifted immediately. After grinding, ground tracks were formed on a Si wafer, as depicted in Fig. 1(b) . Nanoscale depth of cut during grinding was guaranteed by a combination of 150 nm, in which the face runout of air spindle was 50 nm in the ultraprecision grinder and the flatness was 100 nm on a FIG. 1. Photographs of (a) a specially designed setup to perform grinding induced by single diamond grains and (b) a ground Si wafer.
Si wafer. Si wafers were cleaned and dried by deionized water and compressed air respectively prior to characterization.
Diamond cutting tools after grinding and ground surfaces on Si wafers were characterized by a field emission SEM (Lyra3 Tescan, Czech Republic) equipped with focused ion beam (FIB) technique. Widths at onset of grinding and BDT were measured by SEM, and their depths were measured by in situ SEM after FIB cutting. TEM samples at onset of grinding and BDT were prepared by FIB (Auriga, Carl Zeiss, Germany). TEM examinations were performed by an FEI Tecnai F20 microscope operated at an accelerated voltage of 200 kV. Figure 2 shows the top and side views of SEM images on the cutting tool of diamond C30 grain after grinding. The C30 diamond grain has a conical shape (Figs. 2(a), 2(b) and 2(c)) with a cutting edge radius of 30 µm (Fig. 2(d) ) and an included angle of 143.5 • (Fig. 2(d) ). Figure 3 illustrates the SEM and TEM images on the surface and cross-sections at onset of grinding induced by the C30 diamond grain. Width and depth at the onset of grinding are 455 ( Fig. 3(a) ) and 26 nm (Fig. 3(b) ) respectively. An amorphous layer is at the topmost, followed by a damaged crystalline layer beneath, as shown in Fig. 3(c) . Partial amorphization is formed at the topmost. The damaged crystalline layer is confirmed by the selected area electron diffraction (SAED) pattern in the inset of Fig. 3(c) . Cracks are found in Fig. 3(c) . Diamond cubic Si-I phase is observed in Fig. 3(d) , which is in good agreement with SAED pattern in the inset of Fig. 3(c) . Edge dislocations form a grain boundary (Fig. 3(d) ). Figure 4 depicts the SEM and TEM images on the surface and cross-sections at BDT generated by the C30 diamond grain. Cracked surface is observed on the ground track in Fig. 4(a) , and there are no chips left aside the ground track. Width and depth are 3.66 µm (Fig. 4(a) ) and 265 nm (Fig. 4(b) ) at BDT respectively. An amorphous layer is at the top, and a crystalline layer is at the bottom (Fig. 4(c) ), which is verified by the SAED pattern in the inset of Fig. 4(c) . Cracks are observed in Fig. 4(c) . Si-I phase is found in Fig. 4(d) , and grain boundaries appear between different crystallites. Width and depth at onset of grinding are 394 ( Fig. 6(a) ) and 20 nm (Fig. 6(b)) respectively. An amorphous layer is at the topmost, followed by a crystalline layer underneath identified by the SAED pattern in the inset of Fig. 6(c) . There is a stacking fault layer between the amorphous and Si-I phases, as observed in Fig. 6(d) . The stacking fault layer is a damaged crystalline phase. There is no crack found in Fig. 6(c) , which is different from the cracks happened in Fig. 3(c) . Chips are present aside the ground track, and they have the ductile characteristics, as shown in Fig. 7(a) . Ductile ground track is found in Fig. 7(a) , which is distinct from the cracked one in Fig. 4(a) . Width and depth at BDT are 1.36 µm (Fig. 7(a) ) and 419 nm (Fig. 7(b) ), respectively. There is an amorphous layer at the topmost and a damaged crystalline layer beneath (Fig. 7(c) ). The damaged crystalline layer is verified by SAED pattern in the inset of Fig. 7(c) . Cracks occur in the cross-sectional microstructure in Fig. 7(c) . A grain boundary is found in Fig. 7(d) .
The C2.5 diamond grain has a conical shape, as illustrated in Figs. 8(a) and 8(b) . A ribbon-like chip is observed in Figs. 8(b) , 8(c) and 8(d), exhibiting obvious ductile characteristics. C2.5 diamond grain has a cutting edge radius of 2.5 µm and an included angle of 93 • , as depicted in the inset of Fig. 8(d) .
Ground track at onset of grinding has a width of 174 nm ( Fig. 9(a) ) and a depth of 24 nm (Fig. 9(b) ). An amorphous layer is at the topmost, followed by a crystalline layer beneath demonstrated by the SAED pattern in the inset of Fig. 9(c) . Thickness of the amorphous layer varies from 36 to 50 nm. There are no cracks in the TEM image of Fig. 9(c) . Deformation induced complete amorphization is confirmed by HRTEM in Fig. 9(d) , and Si-I pristine crystalline lattice is below the amorphous layer. There is no damaged crystalline layer at onset of grinding, which is different from those ground by the C30 and C5, in which there is a damaged crystalline layer below an amorphous layer (Figs. 3(c) and 6(c) ). At BDT induced by the C2.5 diamond grain, the width is 2.56 µm (Fig. 10(a) ) and depth is 172 nm (Fig. 10(b) ). The topmost is an amorphous layer, and the bottom is a damaged crystalline layer confirmed by the SAED pattern in the inset of Fig. 10(c) . A crack takes place in the damaged layer. A twin boundary is shown in Fig. 10(d) . The CDC at BDT measured is 265, 419 and 172 nm induced by the C30, C5 and C2.5 diamond grains respectively, as listed in Table II , and the former is 9/1000, 8/100 and 7/100 that of cutting edge radii of the latter correspondingly. The cutting edges of three diamond grains are hemispheric. In such small depth of cut compared to the cutting edge radii of diamond grains, effect of included angle of diamond grains can be neglected. Hence, radius plays the most important role on the surface and cross-sectional microstructure induced by the three diamond grains. An amorphous layer is at the topmost and a damaged crystalline layer beneath, as illustrated in Figs. 3(c) , 4(c), 7(c) and 10(c), which is consistent with previous reports. 11, 12 Mesh size of a diamond wheel, M is presented, 36
where d g is an equivalent diameter of a grain. The C30, C5 and C2.5 diamond grains have the cutting edge radii of 30, 5 and 2.5 µm respectively, corresponding to mesh sizes in diamond wheels of 250, 1500 and 3000. At onset of grinding in Fig. 3(c) , cracks take place, indicating brittle removal mode. This means that a diamond wheel with a mesh size of 250 is disabled to perform ductile removal, and it can only perform brittle removal. Ductile removal demands that there are no cracks on the surface and cross-section produced by a diamond wheel. The C5 and C2.5 diamond grains can perform ductile removal. This is attributed to the absence of cracks on the surface and cross-section at onset of grinding, as depicted in Figs. 6(c) and 9(c) respectively. Deformation induced complete amorphization is demonstrated (Fig. 9(c) ) induced by the C2.5 diamond grain, which is distinct from previous partial amorphization, 11, 12 in which there is an amorphous layer at the topmost and a crystalline damaged layer beneath. Thickness of the solely amorphous layer varies from 36 to 50 nm, which is one order magnitude lower than 170 nm 37 induced by a diamond wheel with a mesh size of 3000. This predicts that a solely amorphous layer with thickness ranging from 36 to 50 nm could be formed, by a new diamond wheel with a mesh size of 3000. It is extremely significant for industries of semiconductor, optoelectronics and microelectronics. The damaged layer induced by grinding is required to be removed by subsequent CMP. However, CMP is the most expensive in machining processes of semiconductor manufacturing. The thinner thickness left by grinding, the less cost and time needed for subsequent CMP processes. The CDC at BDT is 9.6 nm calculated according to Eq. (1), which is two orders magnitude lower than those measured values experimentally ranging from 172 to 419 nm, as listed in Table II . In consequence, Eq. (1) is not appropriate to calculate the CDC at BDT. It is a challenge to propose a new model to calculate the CDC at BDT, containing the effects of radius and shape of a cutting edge. To solve this difficulty, Hertz contact and plastic deformation theories are employed to calculate the CDC at BDT.
Thrust force, F t is proposed, 38
where a is a half of width and λ is a dimensionless parameter. For an axisymmetric cutting edge, λ is 1. Size of plastic deformation, S p generated by a grain is introduced, 38
where v is the Poisson's ratio, σ y is the yield strength and α is the half included angle. The Poisson's ratio of Si (100) 
Grinding force F g is suggested,
where µ is the friction coefficient, which is 0.08 between a diamond grain and a Si (100) wafer. 39 The CDC at BDT, D c is given, 40
where E * is the effective indentation modulus, and R is the cutting edge radius of a diamond grain. E * is obtained, 40 1
where E is the Young's moduli and v is the Poisson's ratios of a Si (100) wafer (s) and a diamond grain (c (Table III) , which is in good agreement with experimentally measured values of 26 and 265 nm (Table II) , respectively. Thrust force at onset of grinding under the C30 grain calculated is 2145 µN, which is the maximum force among the three diamond grains, leading to cracks happened in Fig. 3(c) . The calculated depth of cut at onset of grinding for three diamond grains vary from 10 to 24 nm (Table III) , which agrees well with measured values changing from 20 to 26 nm (Table II) . D c calculated for three diamond grains changes from 126 to 368 nm, which is consistent with measured results varying from 172 to 419 nm. This confirms that the new model is valid considering effects of radius and shape of a cutting edge. Depth of cut at onset of grinding and BDT calculated is in good agreement with experimental measured results. The critical twinning stress of Si (100) is calculated, 41
where α is a constant, G is the shear modulus, b p is the magnitude of the Burgers vector of the Shockley partial dislocation, λ is the thickness between two adjacent twin boundaries, and γ is the stacking fault energy. α is 0.5 for edge dislocations. 41 G is obtained, 42
G is 57.8 GPa for Si (100). b p is proposed, 43
where L p is the lattice parameter of Si. L p is 0.5431 nm, 44 and b p is 0.2217 nm. Average thickness of λ is 3.67 nm, as measured in Fig. 10(d) . γ is 69 mJ/m 2 . 45 The critical twinning stress of Si (100) calculated is 3.8 GPa.
An amorphous layer is at the topmost and a damaged crystalline layer beneath, as shown in Figs. 3(c), 4(c), 6(c), 8(c) and 10(c), which is consistent with previous findings of partial amorphization. 11,12 Nanoscale amorphous layer is formed at the topmost in Figs. 3(c) and 6(c) . Deformation induced complete amorphization takes place in Fig. 9 (c) with thickness varying from 36 to 50 nm, which is different from previous literatures. 11, 12 In this study, deformation induced complete amorphization is ground by a single diamond grain with a cutting edge radius of 2.5 µm at depth of cut of 24 nm, as listed in Table II . The grinding speed is 40 m/s, which is 4 to 8 orders magnitude higher than previous loading speeds from 0.33 µm/s to 8.3 mm/s. 27, [29] [30] [31] [32] [33] [34] [35] Grinding speed plays an important role in deformation induced complete amorphization. Complete amorphization is formed in Fig. 9(c) , which is different from partial amorphization induced by nanoscratching at a speed of 400 nm/s, 46 in which an amorphous layer with thickness of about 10 nm at the top, followed by a damaged crystalline layer beneath with a thickness of approximate 6 nm. The normal stress under the grain cutting edge is 0.84 GPa for the complete amorphization in Fig. 9(c) , as listed in Table III . This is basically consistent with the hydrostatic pressure of 1.5 GPa for dislocation-controlled plastic deformation of nanoparticles, 9 while it is distinct from those in nanoscale compression. 47, 48 In a core/shell configuration, the crystalline-to-amorphous transition (CAT) is induced by nanocompression under 8.5 GPa, which is close to the predicted critical value of 9.7 GPa for CAT. 48 Under nanocompression on a Si pillar, amorphization happens from a single crystal via an intermediate diamond-hexagonal under the compressive stress of 18 GPa. However, all the CATs taken place in Figs. 3(c) , 4(c), 6(c), 7(c) and 9(c) are under stress varying from 0.44 to 2.79 GPa (Table III) , which is far lower than the predicted critical value of 9.7 GPa. As a result, grinding speed at nanoscale depth of cut has a significant effect on CAT. Nevertheless, the stress calculated in Table III is the average stress under the cutting edges of diamond grains, and the local stress might reach the critical value of CAT. The stress under the grain cutting edge of C2.5 at BDT is 26.04 GPa, which is ARTICLE scitation.org/journal/adv higher than the critical twinning stress of 3.8 GPa for Si (100), resulting in the formation of a nanotwin in Fig. 10(d) . In summary, complete morphization is realized in a bulk solid, which is ground by a developed single diamond grain on a specially designed setup. The diamond grain has a cutting edge radius of 2.5 µm. The complete amorphization is ground at 40 m/s at depth of cut of 24 nm. A nanotwin is found by HRTEM at BDT induced by the diamond grain at depth of cut of 172 nm. The critical twinning stress calculated is 3.8 GPa for Si (100). It is demonstrated that radius and shape of cutting edges affect the CDC at BDT. A new model is proposed to calculate the force, stress, plastic size and CDC at BDT, under the cutting edges of single diamond grains, and the effects of radius and shape of cutting edges are taken into account. The calculated results of CDC at BDT are consistent with those experimentally. The outcomes in this study provide new viewpoints for manufacturing high performance devices employed in nanodevices, flexible electronics, semiconductor, microelectronics and optoelectronics.
